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Abstract

The utilization of biologically produced cells to treat diseases is a revolutionary invention in modern medicine after chemically
synthesized small molecule drugs and biochemically made protein drugs. Cells are basic units of life with diverse functions in
mature and developing organs, which biological properties could be utilized as a promising therapeutic approach for currently
intractable and incurable diseases. Xenogeneic cell therapy utilizing animal cells other than human for medicinal purpose has
been studied as a new way of treating diseases. Xenogeneic cell therapy is considered as a potential regenerative approach to
fulfill current unmet medical needs because xenogeneic cells could be isolated from different animal organs and expanded ex
vivo as well as maintain the characteristics of original organs, providing a versatile and plenty cell source for cell-based ther-
apeutics beside autologous and allogeneic sources. The swine species is considered the most suitable source because of the
similarity with humans in size and physiology of many organs in addition to the economic and ethical reasons plus the possibility
of genetic modification. This review discusses the old proposed uses of xenogeneic cells such as xenogeneic pancreatic islet
cells, hepatocytes and neuronal cells as a living drug for the treatment of degenerative and organ failure diseases. Novel
applications of xenogeneic mesenchymal stroma cells and urothelial cells are also discussed. There are formidable immuno-
logical barriers toward successful cellular xenotransplantation in clinic despite major progress in the development of novel
immunosuppression regimens and genetically multimodified donor pigs. However, immunological barriers could be turn into
immune boosters by using xenogeneic cells of specific tissue types as a novel immunotherapeutic agent to elicit bystander
antitumor immunity due to rejection immune responses. Xenogeneic cells have the potential to become a safe and efficacious
option for intractable diseases and hard-to-treat cancers, adding a new class of cellular medicine in our drug armamentarium.
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lution of cellular drugs after small molecule drugs and pro-
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allogeneic cell therapy into more clinical applications is lim-
ited by the amount and availability of suitable functional and
specialized cells to meet the general clinical needs since
autologous cells can be only used in one individual and there
are limited donated allogeneic cells. In addition, the use of
allogeneic stem cell-derived cell is still challenged with the
ability to precisely direct stem cells into functional specia-
lized cells. However, xenogeneic cells could be isolated and
expanded from primary cultures of tissues, and thus the cell
fate is committed and specialized. Hence, xenogeneic cell
therapy provides a promising new option by using the cells
from different tissues of animals as a source for treating
human diseases.

Xenogeneic cell therapy is a form of xenotransplanta-
tion, which, according to the definition of FDA, is
considered as any procedure that involves the transplanta-
tion, implantation or infusion into a human recipient of
either (a) live cells, tissues, or organs from a nonhuman
animal source, or (b) human body fluids, cells, tissues, or
organs that have had ex vivo contact with live nonhuman
animal cells, tissues or organs®. Furthermore, based on
FDA'’s interpretation of Section 506(g) of the Food, Drug,
and Cosmetic Act (as added by Section 3033 of the 21st
Century Cures Act), xenogeneic cell products may also
meet the definition of a regenerative medicine therapy
and can be eligible for Expedited Programs for Regen-
erative Medicine Therapies for Serious Conditions
(RMAT) designation’. European Medicines Agency
(EMA) also classifies xenogeneic living cells as
Advanced Therapy Medicinal Products (ATMPs)®. Organ
xenotransplantation has been viewed as a potential solu-
tion to the existing shortage of human organs for
transplantation, but challenged with immunological bar-
riers cross species for successful clinical application®'°.
Xenogeneic cell therapy uses animal cells not solid
organs for therapeutic purpose could be a more diverse
and feasible medical intervention to treat diseases such as
diabetes and some degenerative disorders, as demon-
strated in pre-clinical animal models and clinical trials
(reviewed in Meier et al.” and Ekser et al.'®). That is
because that xenogeneic cells face less rejection
responses due to avasculature nature and the time period
during cell product manufacturing, allowing for safety
check the microbiological status''. In addition, due to the
bounty supply of edible animal sources such as pigs,
cattle, and sheep for xenogeneic cell production, it is
highly feasible clinically to use xenogeneic cells as a
therapeutic agent, a drug that could be administered
repeatedly and metabolized by the body for the diagnosis,
cure, mitigation, treatment, or prevention of diseases as
small molecule drugs and protein drugs. And as small
molecule drugs and protein drugs, in order to be used
in clinics, xenogeneic cells must go through a rigorous
evaluation of safety, quality, and effectiveness before
they can be utilized to treat diseases.

Porcine Tissues Provide an Ideal Animal Source for
Xenogeneic Cell Therapy

From an ethical and societal perspective, swine species is
considered as the most potential as the donor species animal
source of cells, tissues and organ for safety, effectiveness,
ethical, and economic reasons'*'?. Their favorable breeding
characteristics (large litters and rapid maturation) and feasi-
bility for genetic manipulation to insert or delete genes also
help the development of clinical xenotransplantation.
The porcine organs and biological systems as well as their
functions are very close to those in humans in term of ana-
tomical and physiological similarities. Porcine proteins and
tissues have already been applied in clinics, such as prosthe-
tic porcine heart valves, heparin for anti-coagulation, factor
VIII to treat hemophilia, and porcine insulin to treat type
1 diabetes'*'”. Xenogeneic cell therapy using porcine cells
as a donor source has several distinct advantages: First, from
a well characterized and identified animal source, xeno-
geneic cells with specialized characteristics and functions
could be isolated and ex vivo expanded from different spe-
cific tissues without the need to directed differentiation that
is required by allogeneic human stem cells. And second,
xenogeneic cells from porcine donors could be well manu-
factured by raising animals under strict quality controlled
conditions and streamlining cell production process to pro-
vide safe tissues and consistent, safe cell preparations.
The risk of pathogen transmission could be mitigated
through raising animals under designated pathogen-free
(DPF) conditions and producing cells with good manufac-
turing practices (GMP) system'®!?. Furthermore, precise
and effective genetic engineering to genetically modify ani-
mals or porcine cells could be achieved by the development
of mRNA-based expression and CRISPR-Cas9—-based gene
editing methodologies®*?'.

OlId Proposed Uses of Xenogeneic Cells for Treating
Diseases

With the advantages of xenogeneic porcine cell therapy,
various xenogeneic cell types isolated from different tissues
have been tested in preclinical animal experiments and sev-
eral therapies have advanced from pre-clinical safety and
efficacy studies to human clinical trial.

Xenogeneic islet cells for type | diabetes (T1D). It was esti-
mated that more than 463 million people worldwide suffer
from diabetes, rising to 10.2% (578 million) by 2030 and
10.9% (700 million) and by 2045 global health expenditure
on diabetes was estimated to be USD 727 billion®*. T1D
caused by destruction of insulin-producing pancreatic islet
beta-cells due to irreversible immune-mediated attacks
occurs predominantly in children and they require lifelong
insulin injection therapy, but tight glucose control remains
difficult. Even with optimal insulin therapy, some patient’s
unstable insulin levels contribute to end stage micro- and
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macro-vascular injury and subsequently contribute to
end-stage organ failure such as neuropathy, nephropathy,
retinopathy and peripheral vascular disease as well as severe
hypoglycemic events, causing substantial morbidity and
mortality*>**, Islet cell transplantation is a valuable alterna-
tive to whole pancreas transplantation to treat diabetes and
reduce the life-threatening hypoglycemia unawareness in
patients with T1D*****, Therefore, there is highly unmedical
need for T1D patients with frequent hypoglycemic episodes
and extreme glycemic lability, so-called “brittle disease.”
Cell-based islet cell transplantation therapy with the Edmon-
ton protocol and proper immunosuppression regimens has
been demonstrated to long-term insulin independence and
decreased risk of life-threatening hypoglycemia for many
patients®>-**. Although allogeneic islet cell transplantation
has been clinically proved a safe and effective treatment for
patients with labile T1D, but the shortage of suitable human
donor islet cells severely limits the availability of this treat-
ment. Alternative allogeneic stem cell-derived islet cell
replacement therapy has been tested in in human clinical
trial with inconsistent results>>. Paucity of human organ
donors has led to the consideration of potential alternative
sources of islet cells, with porcine islet cells being attractive
candidates for cell therapy. Since porcine insulin has long
been used and functions in humans to treat patients before
recombinant human insulin became available due to high
similarity in porcine insulin protein sequence with only one
amino acid residue difference to human insulin, xenogeneic
porcine islet cell therapy has long been proposed to treat
T1D?*% 8. Porcine islet cell xenotransplantation has been
investigated as a potential bridge or the ultimate treatment
for T1D in decades with substantial progresses in both pre-
clinical and clinical studies. Xenogeneic islet cell therapy
could become a clinically applicable treatment with proper
clinically applicable immunosuppression regimens or effi-
cient biocompatible matrix encapsulation devices that per-
mit diffusion of oxygen and nutrients and prevent
transplanted islet cells from the host immune attacks®®?’,
Preclinical pig-to-nonhuman primate transplantation models
have been studied and the first long-term graft survival
(>6 month) of pig islet cells in non-human primates (NHPs)
has been demonstrated®®'. Subsequent study further con-
firmed reproducible curative potential in NHP model that pig
islet grafts survived and maintained normoglycemia for
>6 months with the longest up to 603 days>>. The clinical
studies with xenogeneic porcine islet cells demonstrated the
cell survival and function in the human body with no noted
serious adverse events, but these clinical islet cell xenotrans-
plantation trials have not shown to durably prevent severe
hypoglycemia while maintaining tight glycemic control in
T1D patients®®*.

Xenogeneic hepatocytes for liver failures. Acute liver failure and
end-stage liver diseases cause the loss of liver functions in
carbohydrate, protein, and lipid metabolism as well as the
synthesis of coagulation factors, complements, and acute

phase proteins. Thus, severe liver failure results in impaired
coagulation, hepatic encephalopathy and extrahepatic organ
failures with high mortality rate>*. Orthotopic liver trans-
plantation (OLT) is recommended with proven clinical ben-
efits and long-lasting effects as a standard of care for acute
liver failure, end-stage liver disease, or metabolic defects of
the liver -based metabolic disorders. However, because of
the donor liver shortage, there is a significant waiting list for
patients to get benefit from OLT. A potential solution to
dress the shortage of organs for liver transplantation is allo-
geneic hepatocyte transplantation. Clinical hepatocyte trans-
plantation studies have proven the safety and short-term
efficacy of allogeneic hepatocytes in which transplanted
cells provide the missing/impaired hepatic function once
engrafted into the recipient’s liver, but still its clinical appli-
cations require stable supply of allogeneic hepatocytes, high
cell engraftment, and long-lasting effects®>>’. Xenotrans-
plantation of hepatocytes has numerous potential advantages
including only moderate invasiveness of the transplant pro-
cedure, low morbidity and high safety, a potentially unlim-
ited supply of cells, the option to protect the cells by
encapsulation, the use of genetically modified cells, and the
possibility of cryopreserving hepatocytes. The xenogeneic
hepatocyte therapy would provide temporary liver support
to stabilize metabolic functions while the patient waits for an
allotransplant or the regeneration of their own liver. Xeno-
geneic hepatocyte therapy has been tested in NHP model by
transplanting porcine hepatocytes into the spleens of cyno-
molgus monkeys using conventional immunosuppression to
control rejection and xenogeneic hepatocytes functioned for
more than 80 days and, following re-transplantation, for
more than 253 days based on the detection of porcine albu-
min in the recipients’ circulation’®,

Xenogeneic nerve cells for Parkinson’s disease. Parkinson’s dis-
ease (PD), the second most common age-related neurode-
generative disease after Alzheimer’s disease, is a movement
disorder due to the death of dopaminergic neurons in the
substantia nigra because of misfolding of proteins and dys-
function of the ubiquitin-proteasome pathway or mitochon-
drial dysfunction and oxidative stress®’. Current PD
medications only provide symptomatic relief, but have no
effects in stopping or even reversing dopaminergic neuron
degeneration to improve outcomes*®. Fetal/embryonic
mesencephalic tissue containing dopamine cells were used
to treat patients with the motor disability of advanced
Parkinson’s disease by implanting tissues into the caudate
and putamen and neurological improvement to some patients
with advanced PD was observed*'. Induced pluripotent stem
cells (iPSCs) are a promising cell source to derive dopami-
nergic neurons to treat PD patients, which have been tested
in a primate PD model, indicating that human iPSC-derived
dopaminergic progenitors are clinically applicable for the
treatment of patients with PD*?. A single patient study using
autologous, iPSC-derived dopaminergic progenitor cells for
the treatment of progressive idiopathic PD showed cell
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survival and possible motor function benefit*’. Although
these exploratory studies using human fetal tissue allografts
or stem cell derived dopaminergic neurons suggest that cell
therapies have the potential to become an effective treatment
for PD patients. However, because of the limited availability
of human fetal tissue and ethical concern and the difficulties
in controlling the differentiation of stem cells, the use of
xenogeneic donor tissue was considered and tested in human
clinical trials. The unilateral striatal transplantation of por-
cine fetal neural cells into PD patients has shown to be safe
and clinically improve patient outcomes**. Long-term (over
7 months) graft survival was found with the presence of pig
dopaminergic neurons and other pig neural and glial cells in
a PD patient with unilateral transplantation of fetal pig
neural cells into the caudate-putamen brain region through
a post-mortem histological analysis*’. Encapsulated Porcine
choroid plexus cells from neonatal porcine choroid plexus
(CP), an organ that secretes cerebrospinal fluid containing
various types of neurotrophic and neuroprotective factors,
was first demonstrated to improve neurological functions
without requiring immunosuppression in PD disease NHP
model*®. However, a randomized, double-blind, placebo-
controlled human trial on intra-striatal transplantation of
encapsulated porcine choroid plexus cells for PD patients
showed no evidence that the treatment brought significant
clinical benefit in patients with moderately advanced Parkin-
son’s disease®'*’.

Immune-Mediated Barriers for Successful Clinical
Xenogeneic Cell Therapy

The successful clinical application of xenogeneic cell ther-
apy faces less immunological obstacles than organ xeno-
transplantation due to their avasculature nature
(the vasculature of implanted xenogeneic cells is formed
by the recipient vessels), but there are still formidable xeno-
geneic immune responses toward xenogeneic cells, first by
innate and later by adaptive immunity, stopping cell engraft-
ment, functions and survival*®. Immune cell infiltration of
tissue and solid organ xenografts starts with neutrophils as an
early responding cell population, followed by macrophages
and T cells*®. The innate immune system, which is com-
posed mainly of phagocytic cells (monocytes, macrophages
and neutrophils), natural killer (NK) cells, as well as inflam-
matory mediator releasing granulocytes (basophils, eosino-
phils and mast cells), recognizes non-selfness of xenogeneic
cells, like pathogen-associated molecular patterns (PAMPs),
leading to the activation of innate immune cells*’. Neutro-
phils are directly activated by xenogeneic cells and indir-
ectly through xenoreactive natural antibodies (XNA) and
complement to boost immune responses to eradicate xeno-
geneic cells®®. Macrophages express signal-regulatory
protein-a (SIRPa), an inhibitory receptor, which recognizes
a ubiquitously expressed cell surface protein CD47 “don’t
eat me for autologous cells” and controls phagocytic activity
of macrophages preventing phagocytosis of autologous cells.

The porcine CD47-human SIRPa interaction is not effective
to inhibiting macrophage phagocytosis. Therefore,
macrophage-mediated rejection leads to destruction of
xenogeneic cells’'. NK cells are activated by xenoreactive
antibodies and the absence of human leukocyte antigen
(HLA) for the inhibitory receptor CD94/NKG2A mechan-
isms to reject xenogeneic cells and human HLA-E/hubeta2
m expression on xenogeneic cells could protect cells from
NK cell-mediated cytotoxicity and inhibit the secretion of
interferon (IFN)-gamma by NK cells®**. Humoral graft
rejection is triggered by antibodies directed against the xeno-
geneic cell. These antibodies may be performed or produced
de novo by B cells after recognition of xenoepitopes’'.
T-cell-mediated immunity play a critical role in rejecting
xenogeneic cells, which is activated by innate immune cells
or direct binding to porcine swine leukocyte antigen (SLA)
class 1 and class 2 molecules, or indirectly by recipient
antigen-presenting cells (APCs) expressing MHCs with pro-
cessed xenoantigens*®. Indirect T-cell activation triggered
by xenogeneic cells is suggested to be more immunogenic
than by allogeneic cells, because the large number of
xenoantigen peptides are presented by human antigen pre-
senting cells due to interspecies incompatibility of CD47>*,
T cell-mediated cytotoxicity toward xenogeneic cells is
mediated predominantly by xenoreactive CD4+ T cells
through the Fas/FasL pathway of apoptosis or other effector
mechanisms®>. The expression of LEA29Y, a human
CTLA4-Ig derivative that binds human B7.1/CD80 and
B7.2/CD86 with high affinity and is thus a potent inhibitor
of T cell co-stimulation, on xenogeneic cells protects xeno-
geneic cells from human T cells®®. Incidentally, the
anti-CTLA4 antibody with the opposite action of CTLA4-
Ig derivative is currently used in cancer immunotherapy and
has demonstrated substantial and durable effects in patients
with advanced melanoma®’. This implies that xenogeneic
cell could activate the immune responses suppressed by
CTLAA4 and this function could be used as a way to enhance
the priming of immune active T cells.

In addition to cellular rejection, transplanted xenogeneic
cells are also the targets of host humoral immune responses
as in the case of transplanted porcine islet cells that faces
instant blood-mediated inflammatory reaction with the acti-
vation of platelets, the coagulation and the complement
systems, resulting in islet cell loss>®°. Furthermore, after
cell administration, hypoxia due to slow or poor neo-
vascularization for implanted cells also causes the loss of
cells®®. However, if utilizing xenogeneic cells as a drug,
despite these barriers, the cells can be administered repeat-
edly to replenish the loss of cells and maintain the therapeu-
tic effects.

Novel Uses of Xenogeneic Cells

The major uses of cell therapy have been focus on cell
replacement to restore the function of failure tissues with
the anticipated cell functions. However, the multiple
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properties of cells beyond anticipated cell functions could be
further explored as mechanisms of action for working as
therapeutic cell drugs for all autologous, allogeneic and
xenogeneic cell therapies. The immunologic barriers have
prevented the successful clinical application as proved thera-
pies since the inception of xenotransplantation. However, if
the immunological barriers incurred by xenogeneic cells
could be tempered, discounted and even taken advantage
of, xenogeneic cells could be repeatedly administered to
maintain the effectiveness as a drug before the previous cells
are completely eliminated due to rejection. More novel uses
of xenogeneic cells with multiple cell properties would be
possible and make them a new class of drugs to improve
patients’ outcomes.

Xenogeneic mesenchymal stroma cell for inflammatory diseases.
Allogeneic mesenchymal stem/stromal cells or medicinal
signaling cells (MSCs) contain regenerative, anti-
inflammatory, and immune modulatory properties have
demonstrated promising therapeutic potential in clinical
trials as a novel and safe cell therapy to treat a variety of
diseases®”®!. In a randomized, double-blind, parallel-group,
placebo-controlled study, allogeneic, expanded, adipose-
derived MSCs for patients with Crohn’s disease and
treatment-refractory, draining complex perianal fistulas
showed that MSCs appeared to promote healing of perianal
fistulas®®. Allogeneic MSCs infusion also was shown to be
an effective therapy to improve survival for patients with
steroid-refractory acute graft-versus-host disease following
hematopoietic cell transplantation®>%*. Several studies also
have demonstrated that systemic administration of allo-
geneic MSCs was safe with favorable outcome in the treat-
ment for acute respiratory distress syndrome (ARDS)®.
Furthermore, a pilot study in China demonstrated that the
intravenous infusions of donor allogeneic mesenchymal
stem cells in seven severe Coronavirus disease 2019
(COVID-19) patients who had fever, shortness of breath,
cough, and oxygen saturation at rest <95% improved func-
tional outcomes of patients as well as changes of inflamma-
tory and immune function levels and the majority of patients
showed negative results for the SARS-CoV-2 nucleic acid
test over a week or two after MSC infusion®®®”.

As for xenotransplantation point of view, there are a lot of
animal studies that use human MSCs to treat animals in
different disease models without immunosuppression, sug-
gesting that xenogeneic MSCs could still function, regener-
ate and differentiate as well as be engrafted into the
recipients across the species barrier®®%°. Xenogeneic MSCs
can immuno-modulate human T cells through induction of
apoptosis or anergy, or cause T cell phenotype switching
with induction of regulatory T cells and show no more
immunogenic than allogeneic MSC®®*7%. Xenogeneic
mesenchymal stem cells (MSC) derived from porcine source
was shown to suppress human peripheral blood lymphocyte
(hPBLs) proliferation through FasL and TGF-betal
mediated pathways in vitro’'. Xenogeneic transplantation

of porcine MSCs protected against renal injury and reduced
inflammation in lupus nephritis prone mice’?. Transplanta-
tion of coencapsulated pig islet cells with porcine adipose or
bone marrow MSCs was shown to improve oxygenation and
neoangiogenesis of encapsulated islet cells in subcutaneous
tissue in a primate preclinical model®. Thus If xenogeneic
MSCs could be demonstrated to have immunomodulatory
effects for inflammatory diseases comparable to that of
human MSCs, they have the potential to become a therapeu-
tic agent.

Xenogeneic urothelial cells for cystitis. Cystitis, the inflamma-
tion of bladder, is the results of urothelial injury due to
physical and chemical stress or microbial infection’?.
Hemorrhagic cystitis, resulting in bleeding from the bladder
mucosa, mainly caused by anticancer chemotherapy or
radiotherapy for the treatment of pelvic malignancies’*.
Cyclophosphamide (CPP, a chemotherapeutic drug)-induced
hemorrhagic cystitis occurs due to the toxic metabolite
(acrolein) of cyclophosphamide concentrated in the bladder,
which is a reactive, unsaturated aldehyde that induces the
production of reactive oxygen species and nitric oxide to
damage urothelium’>’®, CPP-induced hemorrhagic cystitis
is treated prophylactically by measures such as hyperhydra-
tion, and bladder irrigation, or detoxification with
2-mercaptoethane sodium sulphonate or treated with oral
aminocaproic acid, estrogens, sodium pentosane polysul-
phate, endoscopic laser coagulation, intramural orgotein
(free radical scavenger). Intravesical regimens of alum and
formalin, hyperbaric oxygen, urinary diversion and even
cystectomy are used, but their efficacy is variable”’”-’%. A
xenogeneic urothelial cell-based cytotherapy strategy was
proposed to treat this disease. In a mouse CPP-induced cysti-
tis model, the intravesical instillation of xenogeneic urothe-
lial cells for porcine urothelium into bladders was shown to
reduce the detrimental injury caused by CPP injection, with
less injury-induced cell proliferation, cell apoptosis and the
maintenance of urothelial integrity’’. The host immunity is
triggered to reject xenogeneic cells, but transplanted cells are
able to protect urothelium from the toxic chemical attack,
not only in decreasing the damages caused by CPP, but also
preventing cell death that could be induced by CPP. Further-
more, if xenogeneic urothelial cells could be applied as a
drug, repeated administration could be performed to main-
tain the therapeutic effect. There are several intravesical
agents used to treat various degree of hemorrhagic cystitis
such as alum (aluminum ammonium sulfate or aluminum
potassium sulfate), hyaluronic acid and even formalin to
contain hemorrhage in the mucosa and submucosa® 2,
Intravesical instillation of xenogeneic urothelial cells repre-
sents a novel safe and effective therapeutic potential option
for urothelial injury based cystitis.

Xenogeneic tissue specific cells as an immunostimulatory agent
for cancer immunotherapy. Rejection of transplanted xeno-
geneic cells first starts cell cytolysis mediated by



Cell Transplantation

Requirements

* Designated pathogen-free (DPF) source animals for safety
* Good manufacture practice (GMP) cell manufacture for safety and quality
* Preclinical tests and clinical trials for safety and effectiveness

And other organs
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Fig 1. The old uses and novel applications of xenogeneic cells as a therapeutic agent in treating a variety of diseases including diabetes, liver
failure, neurodegenerative, inflammatory diseases, cystitis, and cancers. Various tissue types of xenogeneic cells could be isolated from safe
organs of designated pathogen free (DPF) pigs and expanded under good manufacturing practices (GMP) standards to ensure the safety and
quality of cell proudcts. After a series of preclinal tests and clinical trials to determine that xenogeneic cells are safe when used to treat a
disease and provides a real health benefit, they can be used as a therapeutic agent to treat diseases.

granulocytes and monocytes, which is activated by surface
non-self xenoantigens from innate immunity. In addition to
the innate immune response, xenogeneic cells are also
rejected by the adaptive immune system involving xenoreac-
tive antibody producing B cells and xenoreactive CD4+ or
CD8+ T-cells. Xenogeneic cells are able to stimulate both
innate and adaptive immune responses. In the other hand,
although tumor cells express non-self neoantigens that acti-
vate multiple cell types including innate immune cells and
adaptive immune cells to eradicate tumor cells, clinically
detected tumor cells could escape anti-tumor immunity and
grow progressively by creating an immunosuppressive
tumor microenvironment through multiple mechanisms®*®°,
Multiple immunosuppression regimes are intensively
studied to overcome immunological barriers of xenogeneic
cell therapy with immunosuppressive agents such CTLA4-Ig
to induce T cell co-inhibitory pathway and anti-IL-2 R to
block T cell proliferation and activation®®. Their opposite
agents: anti-CTLA4 antibody to block T cell co-inhibitory
pathway and IL-2 to induce T cell proliferation and activa-
tion are currently standard care of cancer immunotherapy to
boost the immune system to fight cancers. Therefore, the
use of xenogeneic cells as an immunostimulatory agent for
cancer immunotherapy was proposed as a new class of anti-
cancer agents®’. General xenogeneic immune responses
have been tested as a way to boost antitumor immunity,
making non-self neoantigens more foreign. Whole cell vac-
cines with o (1,3) galactosyltransferase gene therapy for the
synthesis of the a-galactosyl (aGal) xenoepitope on the
surface of cell vaccine to induce hyperacute xenogeneic

immune responses have been investigated to treat human
cancers™®. Xenogeneic polyantigenic vaccine prepared from
murine melanoma B16 and carcinoma LLC cells used in
60 stage IV colorectal cancer patients was demonstrated to
be safe and benefit patients associated with vaccine-induced,
proinflammatory immune responses®. Xenogeneic immuni-
zation with homologous antigens derived from a different
species (xenoantigens) to overcome immune ignorance and
tolerance induced by tumor cells effectively boost antitumor
immunity”® 2. Xenogeneic DNA immunization with xeno-
geneic human TRP-2 (hTRP2) DNA immunization was
shown to prevent local recurrence and the development of
metastases in a mouse model of minimal residual melanoma
by a mechanism requiring CD4(+) and CD8(+) T cells™.
Xenogeneic human tyrosinase plasmid DNA vaccination of
dogs with advanced malignant melanoma showed poten-
tially therapeutic activity94. In human clinical trials on
malignant melanoma patients, DNA vaccines encoding
xenogeneic melanosomal antigens (tyrosinase, gp100)
induced CD8(+) T-cell responses’”, and epitope spreading
of CD8+ T cell response was observed’®. However, the
clinical benefit for this xenogeneic vaccine approach has not
been confirmed yet.

We have hypothesized a novel therapeutic xenogeneic
cell cancer immunotherapy approach using xenogeneic tis-
sue specific cells of the same tumor origin, which have
homologous protein expression as tumor cells to induce
cross-reactive antitumor T cells®’. This treatment modality
combines both cell therapy and immunotherapy, not only
providing functional cells for tissue regeneration and repair,
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but also activating innate and adaptive rejection immunity to
remove non-self xenogeneic tissue specific cells. The xeno-
geneic rejection immune responses share similar features for
antitumor immunity through either tumor cell intrinsic or
extrinsic immunomodulatory mechanisms to promote cancer
immunity cycle”’. We have tested this novel cancer immu-
notherapy approach on bladder cancer in pre-clinical mouse
models®®. First bladder cancer immunotherapy, intravesical
bacillus Calmette-Guérin (BCG, a live attenuated form of
Mycobacterium bovis) immunotherapy is the standard of
care for patients with high-grade (HG), intermediate and
high risk non-muscle invasive bladder cancer (NMIBC) after
complete transurethral resection of the tumor’’. BCG is the
most effective agent in the treatment of NMIBC, but how-
ever, the exact mechanism of action of BCG in relation to its
antitumor effect is still mainly unclear since its introduction
in 1976 by Morales et al'®°. Despite that the exact antitumor
mechanism of intravesical instillation of BCG is unknown, a
set of local immune responses such as the induction of CD4
T cell infiltration, which may persist for a number of months,
correlate with tumor suppression effect'®’"'%% suggesting
that anti-bacteria immune responses induce bystander anti-
tumor immune responses. This bystander antitumor immune
response could be exploited using xenogeneic immune
responses as an another way to activate the host immune
system in order to find more effective and durable immu-
notherapy. In mouse bladder cancer models, we showed that
intravesical administration of xenogeneic urothelial cells
isolated and expanded from porcine urothelium inhibits
tumor growth and progression as well as extends survival
and the combination with standard care chemotherapy is
more efficacious than either single therapy through activa-
tion of host antitumor immune responses’®. This novel xeno-
geneic cell immunotherapy strategy has the potential to open
a new class of cancer immunotherapeutic agents for cancers
of different tissue types using xenogeneic tissue
specific cells of the same tissue types because of the advan-
tages of xenogeneic cells as a form of cell medicine.

Conclusion

Remarkable pre-clinical and clinical research progress have
been made with demonstration of efficacy and safety in the
development of utilizing xenogeneic cells as a therapeutic
drug to treat a varieties of diseases using different types of
xenogeneic tissue-specific cells for old proposed and novel
applications (Fig. 1). Immunological barriers of xenogeneic
cell therapy still require the development of suitable immu-
nosuppression regimes or induced tolerance and multiple
genetic engineering. However, if barriers could be accepted
such as the applications with xenogeneic MSCs and urothe-
lial cells or even more taken advantage of, turning into
immunological booster like xenogeneic cell cancer immu-
notherapy, more potential uses of xenogeneic cells could be
explored. However, there are still more formidable hurdles
to be removed before meaningful xenogeneic cell clinical

applications, regarding isolation, expansion and well char-
acterization of xenogeneic cells from safe donor animals,
improvement of cell engraftment, and most importantly,
demonstration of significant and durable efficacy and long-
term safety. We believe that xenogeneic cells provide a
potential therapy to manage the body damages caused by
diseases with mechanisms of action much different to small
molecule drugs and protein drugs.
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